The spontaneously epileptic rat (SER), a doublemutant homozygous for both the tremor (tm) and zitter (zi) genes, exhibits absence-like seizures and tonic convulsions without external stimulation [13] . Electroencephalographic (EEG) studies on the cortex and hippocampus of the SER revealed that absencelike seizures and tonic convulsions were accompanied by 5-7 Hz spike-wave-like complexes and low-voltage fast waves, respectively. Because both seizures occur frequently and spontaneously from 7 or 8 weeks of age
The spontaneously epileptic rat (SER), a doublemutant homozygous for both the tremor (tm) and zitter (zi) genes, exhibits absence-like seizures and tonic convulsions without external stimulation [13] . Electroencephalographic (EEG) studies on the cortex and hippocampus of the SER revealed that absencelike seizures and tonic convulsions were accompanied by 5-7 Hz spike-wave-like complexes and low-voltage fast waves, respectively. Because both seizures occur frequently and spontaneously from 7 or 8 weeks of age and are inhibited by conventional AEDs, the SER has been widely used for evaluating AEDs [11] .
Recently, positional cloning approaches have revealed that the zi mutation is an 8-bp deletion of the Attractin (Atrn) gene [5] , and that the tm mutation is a genomic deletion of more than 200 kb where at least three genes (aspartoacylase, olfactory receptor, and vanilloid receptor) are located [4] . Several lines of evidence have suggested that, of the three, the Aspartoacylase (Aspa) gene is the strongest candidate for the gene responsible for the epileptic seizures of the tm/tm rat. Aspa is an enzyme that hydrolyzes N-acetyl-L-aspartate (NAA) into aspartate and acetic acid [3] . Its deficiency results in Canavan disease characterized by spongy degeneration in the white matter of the brain, as seen in the tm/ tm rat [6, 7] . In the tm/tm rat, due to a deficiency of Aspa, NAA is accumulated throughout the brain [4] . Intracerebroventricular injection of NAA evoked spikewave-like complexes in cortical and hippocampal EEGs of normal rats [1, 4] . Gene transfer of Aspa using a recombinant adenovirus inhibited absence-like seizures characterized by the occurrence of spike-wave-like complexes in the tm/tm rat [12] . Furthermore, Aspa knock-out mice developed seizures at about 6 months of age with clonic jerks and a post ictal state after the seizure that lasted for several minutes [8] . The Atrn mutant mahogany mouse displays a dark brown coat color, slight body tremors, and the formation of vacuoles in the CNS [5] .
To produce Aspa/Atrn females. We obtained Aspa/Atrn double-mutant mice in the N 2 F 1 generation and maintained the double-mutant strain through sister-brother mating. We used N 2 F 2 and N 2 F 3 generations throughout the experiment. All mice used in this study were kept in conventional conditions. Animal care and all experimental procedures were conducted according to the Guidelines for Animal Experiments of Kyoto University. The Aspa -/+ mouse has a knockout allele that is a 10-bp deletion of exon 4 of the Aspa gene [8] , and genotyping of Aspa was performed as described previously [9] . The Atrn mutant mahogany mouse carries a 5-bp deletion of exon 16 of the Atrn gene [10] , and genotyping of Atrn was performed using the following primers, 5'-TAGTT TGCTGCAGTGGATGC-3' and 5'-TTGCAGGCCTTT CACAGAC-3'. PCR was performed for 40 cycles (denaturation at 94°C for 30 s, annealing at 57°C for 1 min, extension at 72°C for 45 s) using Taq polymerase (Takara, Japan) and PCR products were examined on 2% agarose gels with ethidium bromide staining.
The Aspa/Atrn double-mutant mice (Aspa
) showed body tremors and a staggering gait after weaning. These abnormal behaviors persisted throughout the animal lives in both males and females. On the other hand, in contrast to the SER, double-mutant mice had hair of normal texture, dark brown fur and normal whiskers. The dark brown fur caused by the Atrn mg-3J/mg-3J mutation was elicited by the wild-type tyrosinase gene in the double-mutant mouse, but not by the albino mutation in the SER rat. The difference of the texture of the hair or whiskers might have been caused by the vanilloid receptor gene, because the mutation in the vanilloid receptor gene has been associated with defective hair growth in rodents [2] . Further, both male and female double-mutant mice were fertile and survived more than one year. The SER is derived from sterile and can survive no more than 4 months [14] . The sterility of the SER resulted from the tm deletion mutation. It is likely that the gene responsible for the sterility of the SER and tm/tm rats might locate within the tm deletion. The Aspa/Atrn double-mutant mice showed severe vacuolations in the thalamus, mid brain, medulla oblongata, and cerebellum (data not shown). The severity and distributions of the vacuolation in the CNS showed a tendency similar to those seen in the SER.
For recording EEGs, 6 Aspa/Atrn double-mutant mice at 17-21 weeks of age, 6 Aspa-knockout mice at 19-21 weeks of age, 6 Atrn mutant mouse at 19-21 weeks of age, and 5 wild-type mice at 19-21 weeks of age were used. Under sodium pentobarbital anesthesia (25-30 mg/kg intraperitoneally, i.p.), a screw electrode was chronically placed on the epidural surface of the left temporal cortex of the animals. An indifferent electrode was placed on the frontal cranium and a ground electrode was placed on the epidural surface of the occipital cranium. EEGs were recorded 3 times for each animal, 5-7 days after the surgical operation. After a 30-min habituation in the shield box, EEGs were recorded continuously for 30 min with a thermal array recorder (Nihon Koden, RTA-1100). We counted the number of spike-wave-like complexes that continued for more than one second. When the interval between the termination of a complex and the beginning of the next complex was less than one second, these multiple complexes were counted as a single seizure. Statistical significance was determined with the unpaired Student's t-test (*P<0.05; **P<0.01).
All absence-like seizures observed in this study were characterized by the appearance of 5-7 Hz spike-wavelike complexes (Fig. 1A) . When the spike-wave-like complexes appeared, mice exhibited behavior characterized by immobility with fixed staring without tremors or muscle twitches (Fig. 1B) .
In the wild-type and Atrn mutant mice, no absencelike seizures were observed with one exception: one wild-type mouse showed absence-like seizures 4 times in a total of 90-min EEG recording and the mean duration of these seizures was 1.4 s. Thus, in the wild-type mice, absence-like seizures occurred 0.01 ± 0.02 times/ min and had a mean duration of 0.29 ± 0.59 s (mean ± SD, n=5). Aspa-knockout mice developed seizures significantly more frequently (0.21 ± 0.31 times/min, n=6), than the wild-type or Atrn mutant mice, although 2 Atrn mutants had a seizure only once and one mutant showed no seizure in a EEG recording period lasting a total of 90 min. The mean duration per seizure was 1.30 ± 1.17 s and the mean accumulated duration of the seizures was 0.48 ± 0.79 s/min (mean ± SD, n=6) (Fig.  1C ), which were both significantly (P<0.05) higher than those of the wild-type or Atrn mutant mice. All 6 Aspa/Atrn double-mutant mice showed the absence-like seizures at least once in each 30-min EEG recording, although the numbers of the seizures varied from 1 to 79. The mean frequency of the seizure was 0.86 ± 0.79 times/min (n=6), which was significantly higher than those of the wild-type, Atrn mutant, and Aspa-knockout mice. The mean duration per seizure was 2.67 ± 0.93 s and the mean accumulated duration of the sei- zures was 2.16 ± 2.19 s/min (mean ± SD, n=6) (Fig.  1C ), which were both significantly higher (P<0.005) than those of the wild-type, Atrn mutant and Aspaknockout mice. There was no sex difference in the animals that showed absence-like seizures. It is apparent that the Aspa mutation in the mouse can induce absence-like seizures by itself and that the seizures can be exaggerated with the addition of the Atrn mutation. Thus, it seems reasonable to suppose that the absence-like seizures of the tm/tm rat might be induced by a defect of the Aspa gene, not other genes within the tm-deletion, and become severer with the addition of the zi mutation [14] .
Owing to a deficiency of Aspa, the Aspa knockout mice showed elevated NAA levels in the brain [8] . It has been suggested that NAA accumulated in the CNS would induce neuroexcitation in the rat [4] and that NAA could act on the G protein-coupled mGluRs to induce excitation of the neurons [16] . Further, N-acetylaspartylglutamate (NAAG) might be involved in the occurrence of seizures in the Aspa knockout mouse, because NAAG is thought to be synthesized enzymatically from NAA and glutamate and is a specific agonist of mGluR3 which modulates neurotransmitter release [15] .
Aspa/Atrn double-mutant mice often exhibited tonic convulsions with extension of the body and flexion of the four extremities with or without an external stimulation such as a sound or puff. The animals usually rose up to walk after termination of the convulsive seizures without falling asleep. During the tonic convulsion, low-voltage fast waves were observed in the EEG (Fig. 2) . Immediately after the convulsion disappeared, animals rose up and showed a resting EEG pattern similar to that seen before the seizure. All of 6 Aspa/Atrn double-mutant mice spontaneously exhibited the tonic convulsion at least once. Four out of 6 doublemutant mice exhibited the tonic convulsion more than once in every EEG recording, but 2 double-mutant mice exhibited no tonic convulsion in one or two out of three trials. The mean number of the tonic seizures and the mean duration of each seizure in a total of 18 trials were 5.1 ± 3.9 (range 0-11 times for 30 min) and 1.9 ± 1.2 s (range 0.0-5.0 s), respectively. Thus, in the Aspa/ Atrn double-mutant mouse, the mean accumulated duration of the tonic seizure was 0.3 ± 0.2 s/min (mean ± SD, n=6). There was no sex difference in the animals that showed the tonic seizures. Neither Aspa-knockout mice, Atrn mutant mice, nor the wild-type mice exhibited convulsive seizures (data not shown). It is apparent that neither the Aspa nor Atrn mutation alone could induce tonic seizures in mice but the two mutations could induce seizures when combined. Thus, it seems reasonable to suppose that the tonic seizures of the SER are induced by the combined effects of the Aspa and Atrn mutations. Application of NAA in the cerebroventricle induced absence-like seizures at a low dose and convulsive seizures at a high dose in normal rats [1] . Therefore, in the Aspa/Atrn double-mutant mice, it seems likely that the Atrn mutation, which causes a generalized breakdown of the brain architecture, would increase the predisposition to epileptic seizures. Under such conditions, a high level of NAA would likely induce epileptic seizures easily, since NAA activates the neurons by action on metabotropic glutamate receptors [16] .
In summary, we demonstrated in mice that a deficiency of Aspa could induce absence-like seizures and that the loss of both Aspa and Atrn gene functions could induce tonic seizures. Therefore, it is likely in the rat that the Aspa mutation alone induces the absence-like seizures and promotes the development of tonic seizures together with the Atrn mutation. Aspa/Atrn double-mutant mice showed good breeding performance, which contrasts with the sterility of the SER caused by the tm-deletion. Accordingly, the doublemutant mice have the potential to be used more extensively for research into epilepsy.
